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Abstract
We explore the Higgs-Z-photon coupling in the Minimal Composite Higgs
Model with vector and axial resonances. The electroweak precision measurement,
i.e. S and T, is estimated for this model. We calculate the signal strength for
Higgs decay into Z-photon and notable enhancement is found in certain EWPT
allowed parameter region.
1 Introduction
The LHC experiment groups have announced their discovery for one scalar resonance at
126 GeV, with its properties being relatively close to the long awaited Standard Model
(SM) Higgs boson [1]. In the SM, the Electroweak Symmetry Breaking (EWSB) is
elegantly triggered by one fundamental scalar field with hand putting quadratic term
and quartic term which develops VEVs at the O(100 GeV) scale. The Higgs coupling
to gauge bosons is proportional to the mass squared with overall scaling factor set to be
one in the SM, and significant deviation from this value would indicate that new degrees
of freedom appearing in the particle spectrum is essential for unitarizing the scattering
amplitude of longitudinally polarized gauge bosons. Since the mass of a fundamental
Higgs is quadratically sensitive to the cut off scale Λ, and inevitably requires severe
amount of fine tunings, it is very hard for us to believe that the SM is valid till the
Planck Scale. Motivated by the “naturalness” problem, people have explored many
possibilities for the extension of SM with alternative mechanism to realize the EWSB,
among which a light composite Higgs emerging from a strong dynamics at the TeV
energy scale is a rather plausible scenario [2]. It is widely noticed that one common
feature in composite Higgs model is the modified Higgs coupling with its deviation
occurring at the order of v2/f 2 and further complicated by the mechanism of partial
compositeness, therefore we intend to study whether the phenomenology signature in
this type of model is preferred by the best fit of most recent LHC data.
The ATLAS and CMS collaborations reported the measurement in several Higgs
decay modes: WW ∗, ZZ∗, bb¯ and ττ and γγ, presuming that the light Higgs boson
is SM like. Special attention is focused on an enhancement around 1.5-2.0 in the
diphoton decay rate while the central values of other decay modes are very close to
the SM expectation. More statistics is crucial to determine whether this deviation is
merely from the system errors or hints at the existence of new physics. From perspective
of collider experiment, the loop induced h0 → Z(ℓ+ℓ)γ constitutes another clean and
reconstructable search channel due to the fact that all the final states are detectable [3].
Although this process is not yet accessible with current energy and luminosity, it will
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be extensively probed in the near future LHC, since the coupling of Z gauge bosons
is not universal and determined by the isospin assignment for the specific particle.
Precise measuring the signal strength in each possible decay channel will provide a
unique opportunity to understand the property of Higgs particle and reveal the nature
of Electroweak Symmetry Breaking.
The major goal of this paper is to test the compatibility of composite model with
current LHC measurement, and further discuss the effects of partial compositeness
on H-Z-γ vertex. Our study in some sense follows the literature, where people have
explored possible corrections to this vertex due to extra scalars, gauge bosons and
fermionic partners in certain extensions of the Standard Model [4, 5, 6]. Obeying the
electroweak symmetry, any charged particle which contributes to H-γ-γ vertex through
the quantum effect will at the same time contribute to H-Z-γ vertex. However in our
model set up, it is noticed that there are additional non-diagonal gauge interactions
from mixing effects which will exclusively contribute to a gauge invariant amplitude
for the latter process. The paper is organized as the following. We first recall the main
feature in a minimal composite Higgs model and thereafter we are going to illustrate
the electroweak precision test using the confidence ellipse since the constraints from the
S and T parameters must be considered together. Furthermore the bound on relevant
parameters will be extracted. Finally we present the form factor for H-Z-γ vertex
including new contribution from the non-diagonal gauge interaction.
2 Composite Higgs Model
We continue to investigate the minimal scenario where the composite Higgs is realized
as one pNGB from the G/H coset space and we are interested in exploring the truncated
effective theory with the presence of the lowest level resonances. Let us first review the
basic model set up relying on the CCWZ prescription since the original global symmetry
G is nonlinearly realized [7]. The global symmetry breaking pattern is SO(5)→ SO(4),
as SO(4) ≃ SU(2)L × SU(2)R, the custodial symmetry is preserved and only the
subgroup SU(2)L×U(1)R is weakly gauged which results in an explicit breaking of the
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global symmetry at tree level. Obviously, an extra U(1)X is necessary to reproduce
the right U(1)Y coupling strength, i.e. g
′
0 = g0gX/
√
g20 + g
2
X in the low energy scale as
well as accommodate the right hypercharge Y = T 3R +QX for fermions.
There are a finite number of goldstone fields counted as dimSO(5)−dimSO(4) = 4,
living in the coset space of SO(5)/SO(4), thus we are going to parameterize the non-
linear sigma field in the matrix form U = exp(i
√
2πaˆT aˆ/f), with f being the decay
constant for those pNGB fields. It is convenient to choose the unitary gauge since
only one composite Higgs will remain: πaˆ = (0, 0, 0, h0), aˆ = 1, 2, 3, 4, once we turn on
the SU(2) × U(1) gauge interactions. One can calculate the gauge invariant CCWZ
structure following the normal procedure:
iU †DµU = d
aˆ
µT
aˆ + EaLµ T
aL + EaRµ T
aR
Dµ = ∂µ − ig0W aµT aL − ig′0BµT 3R (1)
with T aˆ , aˆ = 1, 2, 3, 4 being generators in the broken direction and T aL,aR , aL,R = 1, 2, 3
being generators in the unbroken direction. At the leading order of the chiral expansion,
daˆµ and E
aL,aR
µ are expressed as:
dµ = −
√
2
f
∂µh
0 T 4ˆ +
(
h0√
2f
− (h
0)3
6
√
2f 3
)(
g0W˜
a
µ − g′0B˜µδa3
)
δaˆi T iˆ + · · ·
Eµ =
(
g0W˜
a
µT
a
L + g
′
0B˜µT
3
R
)
− (h
0)2
4f 2
(
g0W˜
a
µ − g′0B˜µδa3
)
(T aL − T aR) + · · · (2)
It follows that dµ transforms covariantly under the local symmetry group, while Eµ
transforms like a gauge field. Using the field strength of the external gauge fields
Fµν = F
aL
µν T
aL + F aRµν T
aR , a useful covariant tensor fµν → h(g, π)fµνh†(g, π) can be
constructed:
fµν = U
†
(
F aLµν T
aL + F aRµν T
aR
)
U = f+µν + f
−
µν
f+µν = f
aL
µν T
aL + faRµν T
aR , f−µν = f
aˆ
µνT
aˆ (3)
and performing a little bit algebra, we arrive the following relations:
f+µν =
1
2
U †FµνU +
1
2
UFµνU
†
f−µν =
1
2
U †FµνU − 1
2
UFµνU
† (4)
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The kinetic term for goldstone bosons is depicted by the gauge invariant operator:
L2 = f 2/4 Trdµdµ = 12∂µπa∂µπa + av h0 ∂µπa∂µπa + · · · (5)
a = cos θ = (1− s2h)1/2 , sh = sin 〈h0〉 /f ≡ sin(v/f) (6)
where the Higgs coupling with other three pion fields is always less than 1, thus new
vector degrees of freedom are necessary to unitarize the ππ scatterings according to
the partial UV completion hypothesis.
In this paper, we are going to introduce one vector resonance ρ˜aL,aRµ transforming
as (3, 1)⊕ (1, 3) and one axial resonance a˜aˆµ transforming as (2, 2) under the SU(2)L×
SU(2)R symmetry group. The Lagrangian for vector and axial resonances could be
summarized by the following equations [8, 9]:
LρL = −
1
4
Tr (ρ˜L,µν ρ˜
µν
L ) +
f 2ρ
2
Tr
(
gρρ˜Lµ −ELµ
)2
(7)
LρR = −
1
4
Tr (ρ˜R,µν ρ˜
µν
R ) +
f 2ρ
2
Tr
(
gρρ˜Rµ −ERµ
)2
(8)
La = −1
4
Tr (a˜µν a˜
µν) +
f 2a
2∆2
Tr(gaaµ +∆ dµ)
2
+
i
8
Tr
(
[a˜µ, a˜ν ] ·
[
U
(
g0W˜µν + g
′
0B˜µν
)
U † + U †
(
g0W˜µν + g
′
0B˜µν
)
U
])
(9)
where the couplings gρ, ga are assumed to be equal and mass parameters can be defined
as: mρ = gρfρ, ma = gafa/∆. The electroweak field strengthes are: W˜µν = ∂µW˜ν −
∂νW˜µ − ig0
[
W˜µ, W˜ν
]
, B˜µν = ∂µB˜ν − ∂νB˜µ. For the axial resonances, the notation in
the kinetic term reads:
a˜µν = ∇µa˜ν −∇ν a˜µ , ∇µ = ∂µ − iEµ
The mass terms will give rise to the mixing between electroweak gauge bosons and
composite resonances:
La,mix = m
2
aξ
1/2
gav
∆√
2
h0a˜iˆµ(g0W˜
iˆ
µ − g′0B˜µ δ iˆ3) (10)
Lρ,mix =
m2ρξ
2gρv
h0ρ˜aLµ(g0W˜
a
µ − g′0B˜µδa3)−
m2ρξ
2gρv
h0ρ˜aRµ(g0W˜
a
µ − g′0B˜µδa3) (11)
with ξ = v2/f 2, and a, iˆ = 1, 2, 3. Since the magnitude of m2aξ
1/2 or m2ρξ is not too
much small, Higgs couplings in this class of scenarios probably extend far away from
the value points in the SM.
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To facilitate the future discussion, we particularly collect the trilinear and quartic
gauge interactions relevant for the Zγ final state. Notice that axial fields are distinct
in self interacting from those of other vector fields, which can be directly derived from
the kinetic terms in Eq.[7-9]:
L3G = g0εabc∂µW˜ aν W˜ bµW˜ cν + gρεabc
(
∂µρ˜
a
Lν ρ˜
b
Lµρ˜
c
Lν + ∂µρ˜
a
Rν ρ˜
b
Rµρ˜
c
Rν
)
+
1
2
εabc∂µ(g0W˜
a
ν + g
′
0B˜νδ
a3)a˜bµa˜
c
ν +
1
2
εabc(g0W˜
a
µ + g
′
0B˜µδ
a3)a˜bν
(
∂µa˜
c
ν − ∂ν a˜cµ
)
(12)
L4G = −g
2
0
4
εabcεefcW˜ aµW˜
b
νW˜
e
µW˜
f
ν −
g2ρ
4
εabcεefc
(
ρ˜aLµρ˜
b
Lν ρ˜
e
Lµρ˜
f
Lν + ρ˜
a
Rµρ˜
b
Rν ρ˜
e
Rµρ˜
f
Rν
)
−1
8
(
(g0W˜
a
µ + g
′
0B˜µδ
3a)a˜bν − (g0W˜ aν + g′0B˜νδ3a)a˜bµ
)
(g0W˜
a
µ + g
′
0B˜µδ
3a)a˜bν
−1
8
(
(g0W˜
a
µ + g
′
0B˜µδ
3a)a˜bν − (g0W˜ aν + g′0B˜νδ3a)a˜bµ
)
(g0W˜
b
µ + g
′
0B˜µδ
3b)a˜aν + · · · (13)
One theoretical prediction from Eq.[10-13] is that, axial and vector resonances could
manifest themselves through the decay channels: W+Z, h0W+, qq¯′ and tb¯, etc, after
conducting the proper rotation for gauge bosons. The tb¯ channel will not be more
viable than the light jets channel unless the third generation quarks carry a substantial
degree of compositeness. It is emphasized in Ref. [10, 11], that one of the important
approaches to probe the signatures of heavy vector bosons is through the Drell-Yan
and vector-boson-fusion (VBF) production processes. In our phenomenology model,
assuming that all the fermions are completely fundamental, the di-bosons final state
should be particularly explored other than the leptonic channel and the multi-jets
channel as they dominate in the branching ratios of both the heavy neutral and charged
vector bosons. Suppose that composite resonances primarily interact with those light
SM quarks due to their alignments with EW gauge bosons, we are able to extract
certain bound for the allowed resonance masses exploiting information encoded in the
cross sections. In such a case the direct search would not impose a too much stringent
bound, hence the stronger constraint on the parameter space is expected to arise out of
the Electroweak Precision Tests discussed in Section 3. On the other hand, we notice
that the mixing in the gauge sector significantly affects the loop induced Higgs decays
and we will mainly explore those indirect effects later in Section 4.
5
3 Electroweak Precision Tests
In this section, we are going to discuss the Electroeweak Precision Tests (EWPT),
and especially on constraint from the oblique parameters. Oblique corrections to the
Standard Model are encoded in the vacuum polarizations of gauge bosons which are
quite sensitive to the new physics fields with non-vanishing electroweak couplings. The
vacuum polarizations of a gauge boson can be expanded around the zero momentum.
Πa,a′(p
2) = Πa,a′(0) + p
2Π′a,a′(0) + · · · , (14)
and we just consider the terms up to the order of p2. One calculable UV resonance
contribution is from tree level exchange of vector and axial fields, thus the form factors
after integrating out the composite fields are:
68%
95%
99%
    D  Î [  0.5 ,  1.0 ]
cos Θ Î [ 0.89 , 0.99 ]
-0.2 -0.1 0.0 0.1 0.2 0.3
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
S
T
Figure 1: Contour plot for the S and T parameters counting the IR logarithmic contribution
and UV resonance effects at the 68% (1σ), 95% (2σ) and 99% (3σ) confidence levels. we
adopt the benchmark point ga = gρ = 3.0.
Π′W3B(0) = −
(
s2h
2g2ρ
− ∆ s
2
h
2g2a
)
, Π′W+W−(0) = Π
′
W3W3(0) = −
g20 + g
2
ρ
g20g
2
ρ
+
(
s2h
2g2ρ
− ∆ s
2
h
2g2a
)
Π′BB(0) = −
g′20 + g
2
ρ
g′20 g
2
ρ
+
(
s2h
2g2ρ
− ∆ s
2
h
2g2a
)
, ΠW+W−(0) = ΠW3W3(0) =
f 2
4
s2h (15)
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Note that the additional identity ΠBB(0) = −ΠW3B(0) = ΠW3W3(0) will ensure the
electromagnetic gauge invariance. In our analysis, we are going to adopt the notation
in Ref. [12], which are rescaled by S = 4s2wSˆ/α and T = Tˆ /α compared with the
notation employed in Ref. [13]. Therefore including the resonance contribution, the
deviations of S, T and U parameters from their SM evaluations are:
∆S = −16π ·Π′W3B(0) = 8π
(
s2h
g2ρ
− ∆ s
2
h
g2a
)
, ∆T = ∆U = 0 (16)
Considering the gauge sector exclusively, another calculable source is the infrared (IR)
contribution, which comes from the reduced gauge couplings with Higgs boson [14].
∆SIR =
1
6π
[
s2h log
(
Λ
mh
)
+ log
(
mh
mh,ref
)]
, (17)
∆TIR = − 3
8πc2w
[
s2h log
(
Λ
mh
)
+ log
(
mh
mh,ref
)]
(18)
where the effective cut-off is defined as Λ = 4πf . Other UV contribution to S and
T incorporates the effects at the one-loop level from higher dimensional operators in
the chiral expansion, which is possible to make some tuning to the IR contribution
given that it is not sensitive to the composite scale Λ [15]. Therefore ambiguarity
exists for the oblique parameters without UV completing the effective theory. Extra
calculable corrections to oblique parameters arise out of vector-like composite fermions,
whose influence can be analyzed using the equations in Ref. [16]. At the one-loop level,
composite fermion contribution to the T parameter depends on the quantum number
assignments in SU(2) × U(1), even though controled by its coupling to SM gauge
bosons. For singlet and doublet vector-like fermions, we expect to get substantially
positive contribution to the T parameter and compensate the negative contribution
from the infrared part in Eq.[18]. Since the S parameter is mostly positive under the
condition 0 < ∆ < 1, a positive T parameter (from vector-like fermions) is prefered to
make the theory more compatible with the electroweak precison test.
As a rough estimate, we will just combine the results from Eq.[16- 18] to interpret
the bound imposed on relevant parameters. The experimental values for S and T
(leaving U to be free) at 1σ deviation are:
S = 0.03± 0.10 , T = 0.05± 0.12 (19)
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with the correlation coefficient set to be 0.89 and the Higgs reference mass taken as
mh,ref = 126.0 GeV. The lines in Fig. [1] show an important bound on the parameter
space (∆, cos θ) in this model from present electroweak precision data. For an input
value ∆ = 0.5, it is demanded cos θ ∈ (0.97, 1] to be consistent with electroweak
precision measurement at 99% C.L.. While we increase the value of ∆, indicating more
interplay between electroweak gauge bosons and axial fields, the stringent constraint
from S parameter will be relieved. As we can see with another input value ∆ = 1.0, a
larger fraction of region is permitted, i.e. cos θ ∈ (0.91, 1] at the 99% C.L.
4 Higgs-Z-photon coupling
The model independent approach to discuss the Higgs phenomenology is adopting
Effective Field Theory, through parameterizing the couplings of Higgs bosons with
gauge bosons and fermions, deviations from new physics are accounted through the
small corrections to the overall scaling factors [17]. Here we are going to employ the
same effective Lagrangian used in the previous paper [18].
Leff = aW 2m
2
W
v
h0W+µ W
−
µ + aZ
m2Z
v
h0ZµZµ + cρ
2m2ρ
v
h0ρ+Lµρ
−
Lµ + ca
2m2a
v
h0a+µ a
−
µ
+ caW
m2a
v
h0
(
W+µ a
−
µ +W
−
µ a
+
µ
)
+ caρL
m2a
v
h0
(
ρ+Lµa
−
µ + ρ
−
Lµa
+
µ
)
+ cf
(mf
v
f¯f
)
h0 + cγ
α
8πv
h0AµνAµν + cZγ
α
4πv
h0ZµνAµν (20)
After rotating into the mass eigenstates and keeping the terms only at the leading
order of g0/gρ, g
′
0/gρ and ξ, we get the modified Higgs couplings with various gauge
bosons, i.e. W±µ , Zµ, a
iˆ
µ and ρ
aL,aR
µ at the tree level:
aW = cos θ +
g20ξ
2g2ρ
m2ρ
m2W
− ∆
2g20ξ
2g2ρ
m2a
m2W
ca =
∆2ξg20
(
m2ρ −m2a
)
2
(
g20m
2
ρ + g
2
ρ(m
2
ρ −m2a)
)
cρ = −g
2
0ξ
2g2ρ
+
∆2ξg40m
4
a
2g2ρm
2
ρ
(
g20m
2
ρ + g
2
ρ(m
2
ρ −m2a)
)
aZ = cos θ +
(g20 + g
′2
0 )m
2
ρξ
2g2ρm
2
Z
− ∆
2(g20 + g
′2
0 )m
2
aξ
2g2ρm
2
Z
(21)
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while the leading non-diagonal Higgs couplings appear at the ξ1/2 order:
caW =
∆√
2
g0
gρ
ξ1/2 , caρL =
∆√
2
g20
g2ρ
ξ1/2 (22)
Due to the mixing from Eq.[10-11], non-diagonal gauge couplings with one a±µ involved
occur at the ξ1/2 order. In fact there are also non-diagonal gauge couplings with one
ρ±L involved which will appear at the ξ order after rotating into the mass basis is
performed. Hence the effects from the ξ order vertexes could be safely ignored since
they only lead to higher order correction. In the following discussion, we take a further
simplification, ma = mρ, which would imply that there is no Higgs coupling to two
axial fields, i.e. ca = 0, under such an assumption. Albeit the mass of axial resonance is
usually expected to be slightly heavier than the mass of vector resonance, i.e. ma > mρ,
we have checked that in such a situation the relevant phenomenology discussed in this
section will not be altered too much. It is worthwhile for us to show that including
non-diagonal couplings exclusively leads to a gauge-invariant contribution for the form
factor c
(1)
Zγ.
Z 
h h
Z 
h
Z 
W
W
W
W
(a) (b) (c)
a
a
a
a
Figure 2: (a) triangle feyndiagram with one axial resonance, (b) triangle feyndiagram with
two axial resonances , (c) quartic feyndiagram with one axial resonance.
The generic non-diagonal trilinear and quartic gauge self couplings can be put in
the following way:
LZV1V2 = (−i e cot θw) cZV1V2
(
∂µZνV
+
2,µV
−
1,ν + ∂µV
+
2,νV
−
1,µZν + ∂µV
−
1,νZµV
+
2,ν
+ ∂µZνV
−
2,νV
+
1,µ + ∂µV
−
2,νV
+
1,νZµ + ∂µV
+
1,νZνV
−
2,µ − (µ↔ ν)
)
(23)
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LAZV1V2 = (e2 cot θw) cZV1V2
(
2 ZµAµV
+
2,νV
−
1,ν − ZµAνV +2,µV −1,ν − ZµAνV +2,νV −1,µ
+ 2 ZµAµV
−
2,νV
+
1,ν − ZµAνV −2,νV +1,µ − ZµAνV −2,µV +1,ν
)
(24)
where the index exchange (µ↔ ν) refers to the last two variables, and one way to check
the validity is that the Lagrangian need to be self-conjugate. Therefore in our model
setup, using the information provided in Eq.[12-13], at the leading order expansion,
non-diagonal gauge couplings cZaW and cZaρL are expressed as:
cZaW =
∆√
2
g20 + g
′2
0
2g0gρ
ξ1/2 , cZaρL = −
∆√
2
(g20 + g
′2
0 )
2g20
ξ1/2 (25)
To calculate the amplitude for h0 → Zγ, it is simply to add up the three diagrams
illustrated in Fig. [2] and times a symmetry factor of two to account for another three
equivalent diagrams with the simultaneous external and internal fields exchange: i.e.
Zµ ↔ Aµ and W±µ ↔ a±µ . As we put all the external particles to be on shell, the
amplitude can be organized into a gauge invariant form:
M(h0 → Zγ) = 2 · (M (a) +M (b) +M (c))
=
−i e2
8π2v
· (2 cV1V2 cZV1V2) c(1)Zγ(m1, m2) (gµνk1 · k2 − kµ1kν2) ε∗µ(k1)ε∗ν(k2) (26)
Putting everything together, the form factor for H-Z-γ vertex contains the dominating
contribution from both the fermion sector and the gauge sector:
cZγ = ctNc
(Qt − 4Q2t s2w)
swcw
m2t c
f
Zγ (mt) + aW c
(0)
Zγ (mW )
+ (cρ + 2 caρL cZaρL) c
(0)
Zγ(ma) + 2 caW cZaW c
(1)
Zγ (mW , ma) (27)
with each piece of cZγ being expressed by the one-loop scalar and vector three point
functions C0 and C2 defined in [19]:
cfZγ (mt) = 4 C2(m
2
h, m
2
Z , 0, m
2
t , m
2
t , m
2
t ) + C0
(
m2h, m
2
Z , 0, m
2
t , m
2
t , m
2
t
)
(28)
c
(0)
Zγ (m1) = cot θw ·
[
2
(
m2h
m21
(
m2Z − 2m21
)
+ 2 (m2Z − 6m21)
)
C2(m
2
h, m
2
Z , 0, m
2
1, m
2
1, m
2
1)
+ 4
(
m2Z − 4m21
) · C0 (m2h, m2Z , 0, m21, m21, m21)
]
(29)
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c
(1)
Zγ (m1, m2) = cot θw ·
m22
m21
·
[((
m2h
m22
+
m21
m22
+ 1
)(
m2Z −m22 −m21
)− 8m21
)
·
(
C2
(
m2h, m
2
Z , 0, m
2
1, m
2
2, m
2
1
)
+ C2
(
m2h, m
2
Z , 0, m
2
2, m
2
1, m
2
2
))
+ 2
(
m21
m22
(
m2Z −m21 − 3m22
)) · C0 (m2h, m2Z , 0, m21, m22, m21)
+ 2
(
m2Z − 3m21 −m22
) · C0 (m2h, m2Z , 0, m22, m21, m22)
]
(30)
where the C2 function in the expression of c
(0)
Zγ and the combination of C2 functions
with different masses in the expression of c
(1)
Zγ can be recasted into Passarino-Veltman
functions B0 and C0:
C2
(
m2h, m
2
Z , 0, m
2
1, m
2
1, m
2
1
)
=
m2Z
2 (m2Z −m2h)2
(
B0
(
m2Z , m
2
1, m
2
1
)− B0 (m2h, m21, m21)
)
+
1
2 (m2Z −m2h)
+
m2
(m2Z −m2h)
C0
(
m2h, m
2
Z , 0, m
2
1, m
2
1, m
2
1
)
(31)
C2
(
m2h, m
2
Z , 0, m
2
1, m
2
2, m
2
1
)
+ C2
(
m2h, m
2
Z , 0, m
2
2, m
2
1, m
2
2
)
=
m2Z
(m2Z −m2h)2
(
B0
(
m2Z , m
2
2, m
2
1
)− B0 (m2h, m22, m21)
)
+
1
(m2Z −m2h)
+
m21
(m2Z −m2h)
C0
(
m2h, m
2
Z , 0, m
2
1, m
2
2, m
2
1
)
+
m22
(m2Z −m2h)
C0
(
m2h, m
2
Z , 0, m
2
2, m
2
1, m
2
2
)
(32)
Notice that in the limit of m2 = m1, our new form factor c
(1)
Zγ will reduce exactly to the
W gauge bosons mediated SM contribution c
(0)
Zγ [20]. Since the mass of axial resonance
ma is much larger than the mass in (mh, mZ , mW ), it is meaningful to take the heavy
mass limit expansion for c
(0)
Zγ(ma) and c
(1)
Zγ(mW , ma), which , to the leading orders, could
be asymptoted by the following approximations:
c
(0)
Zγ(ma) ≃ cot θw ·
(
7 +
(11m2h − 37m2Z)
30m2a
)
+O
(
1
m4a
)
c
(1)
Zγ(mW , ma) ≃ cot θw ·
(
7m2a
4m2W
+
9
2
log
(
m2a
m2W
)
+
5m2h − 47m2Z − 45m2W
36m2W
)
+ O
(
1
m2a
log
(
m2a
m2W
))
(33)
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It should be mentioned that the non-diagonal contribution mildly makes up around
5%-10% contribution to the total cZγ form factor provided that ma is around the TeV
scale and it interferes with the SM portion constructively. Accordingly we are going
to conclude that substantial correction is induced by the shift in aW after we take into
account the mixing effects.
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Figure 3: Left Contour: signal strengths for Zγ mode(solid line) and γγ mode (dashed line)
in the (ma, cos θ) plane. The purple dashed line shows the upper bound measured by ATLAS
at 68% confidence level. Right Contour: the decay width ratio between Zγ mode and γγ
mode in the (ma, cos θ) plane. The condition ∆ = 0.5 is imposed. The light orange region is
excluded by the EWPT requirement S < 0.13.
Now we proceed to analyze the process of h0 → Zγ and compare it with the
experimentally better measured process h0 → γγ. In terms of the form factor cZγ and
the rescaled branching ratio for each Higgs decay mode, it is convenient to define the
signal strength RZγ, which is one of the measurable properties at the LHC. Let us solely
consider the gluon fusion process, where the ratio for the production cross sections is
σ/σsm = c
2
t , i.e. the one in composite Higgs model divided by its SM expectation.
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Figure 4: Left Contour: signal strengths for Zγ mode (solid line) and γγ mode (dashed line)
in the (ma, cos θ) plane. The purple dashed line shows the upper bound measured by ATLAS
at 68% confidence level. Right Contour: the decay width ratio between Zγ mode and γγ
mode in the (ma, cos θ) plane. The condition ∆ = 0.75 is imposed. The light orange region
is excluded by the EWPT requirement S < 0.13.
Then when assuming ct = 1, we have:
RZγ =
|cZγ/csmZγ |2
a2WBr
(WW ∗)
sm + a2ZBr
(ZZ∗)
sm + |cγγ/csmγγ |2Br(γγ)sm + |cZγ/csmZγ |2Br(Zγ)sm + · · ·
, (34)
and for the diphton process, the signal strength Rγγ is calculated in analogous way by
substituting |cZγ/csmZγ |2 with |cγγ/csmγγ |2 in the numerator, where the analytic expression
for cγγ in this model has already been given in [18]. Since h
0 → Zγ and h0 → γγ
are correlated to each other due to the EW symmetry breaking, following the proposal
in [6], we define a useful parameter, the decay width ratio between these two modes,
to measure the degree of correlation :
Γ(h0 → Zγ)
Γ(h0 → γγ) = 2 ·
∣∣∣∣cZγcγγ
∣∣∣∣
2
(m2h −m2Z)3
m6h
. (35)
Contours in Fig. [3] quantitatively show behaviors of signal strengths RZγ, Rγγ and
the decay width ratio
Γ(h0 → Zγ)
Γ(h0 → γγ) in the plane of (ma, cos θ), with other parameters
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fixed: gρ = ga = 3.0 and ∆ = 0.5. As we can see, the stringent EWPT constraint
comes from the S parameter. Obviously the one dimension 68% C.L. bound S < 0.13
translates to be a condition cos θ > 0.96. The left contour shows that a signal strength
as much as RZγ ≈ 1.5 is possible to be achieved in a sizable portion of parameter
region when we demand ma > 1.2 TeV and cos θ > 0.96. For comparison it is shown
with the dashed lines that Rγγ is slightly larger for a given point at the (ma, cos θ)
plane. On experimental side, the most recent measurement at ATLAS reported an
enhancement in diphoton signal strength to be 1.8+0.71−0.59 with the errors linearly added
[21]. Therefore the upper bound Rγγ ∼ 2.5 at least provides certain constraint on the
parameter space as indicated by the dashed purple line in the left contour. Notice that
since in our model ma is not correlated to cos θ ≡ cos(v/f), the decoupling of spin-1
resonance will only happen as f is pushed into∞ (i.e. cos θ goes into 1), and in such a
limit the Standard Model is recovered. On the other hand, the right contour illustrates
the correlation between Zγ mode and γγ mode. The value for this ratio in the SM is
ΓZγ,sm
Γγγ,sm
= 0.636. Positive deviation from this value roughly indicates that RZγ would be
larger in contrast to Rγγ , while negative deviation implies the other situation. Under
the condition ∆ = 0.5, the ratio is generally smaller than its SM value, and when we
decrease cos θ and increase ma, the ratio will be further reduced. This verifies the exact
trend that we observe from the left contour.
In Fig. [4], we choose another benchmark point gρ = ga = 3.0 and ∆ = 0.75 and
draw the contours in the same manner. In this case, when we demand S < 0.13, the
lowest allowed value of cos θ is tuned to be 0.92 such that we get more EWPT applicable
parameter space. This gain is achieved with the deduction in the enhancement rates
for h0 → Zγ, γγ. However more enhancement is found for the Zγ mode rather than for
the γγ mode, compared with the former case. An inverse pattern is similarly displayed
in the correlation contour, i.e. with smaller cos θ and bigger ma, the ratio will be
instead increased. Moreover the ratio tends to be larger than in the SM provided that
the value of ∆ is close enough to 1.0.
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5 Conclusion
In this paper we discuss the circumstance that axial resonances and vector resonances
are present in the low energy particle spectrum of composite Higgs model. As we
know that in a general composite Higgs model, we need vector resonance to restore the
perturbative unitarity till the effective cut off scale. However the solely including of
vector resonance on the other hand increases the S parameter and potentially renders
it to be too big. In the scenario that composite Higgs emerging as a pNGB from
a spontaneously broken global symmetry, a custodial symmetry is usually imposed
to protect the T parameter, whereas the deviation in the S parameter is measured
by v2/f 2 without being suppressed by one loop factor, therefore it would cause a
tension with the electroweak precision measurement since we demand the composite
scale 4πf ∼ O(10 TeV) in order to reduce the amount of fine tuning. One solution to
cure this problem is to introduce axial resonance as it will partially relieve the stringent
constraint and pull the S parameter back to the origin point.
One crucial feature in a Composite Higgs Model is the partial compositeness of
gauge bosons. The nonlinear realization modifies the Higgs couplings via the strong
dynamics, with the consequence that the correction may not be too much small. We
calculate the signal strength for h0 → Zγ in the context of a truncated effective theory,
especially including the non-diagonal gauge contribution for accuracy and we find out
that in most EWPT allowed region, the signal strength for Zγ could be enhanced as
much as 50%. It eventually turns out that the correlation between the Zγ and γγ
modes in our model is relatively similar to the SM expectation. Furthermore vector
and axial resonances lead to simultanous enhancement for both signals. Nevertheless
the result should be testable in future LHC experiments and precise measurement of
H-Z-γ vertex would help to distinguish new physics scenarios.
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A Sigma Field in Unitary Gauge
Here we collect all the SO(5) generators such that we can calculate the sigma matrix
explicitly.
T aˆij =
i√
2
[
δaˆi δ
5
j − δaˆj δ5i
]
T aL,ij = −
i
2
[
1
2
εabc
(
δbi δ
c
j − δbjδci
)
+
(
δai δ
4
j − δaj δ4i
)]
T aR,ij = −
i
2
[
1
2
εabc
(
δbi δ
c
j − δbjδci
)− (δai δ4j − δaj δ4i )
]
(36)
where T aˆ with aˆ = 1, 2, 3, 4 are generators in the coset space SO(5)/SO(4), while T aL,R
(denoted as T aL,aR somewhere) with a = 1, 2, 3 are generators in the unbroken subgroup
SU(2)L × SU(2)R respectively. Since the coset space SO(5)/SO(4) is symmetric, an
automorphism of the algebra will change the sign of the broken generators: T aˆ → −T aˆ.
However without conducting a field transformation πaˆ → −πaˆ, the choice of sign for
the broken generators will not alter the CCWZ objects.
In the unitary gauge, since the other three pion fields are eaten by the external
W and B gauge bosons, only the Higgs field enters into the parameterization πaˆ =
(0, 0, 0, h0), and the sigma matrix U = exp(i
√
2πaˆT aˆ/f) is represented by:
U =


I3×3
cos h
0
f
− sin h0
f
sin h
0
f
cos h
0
f

 (37)
Thus for the CCWZ objects daµ and E
aL,R
µ , they have the following compact forms:
dµ = −
√
2
f
∂µh
0 T 4ˆ +
1√
2
sin
(
h0
f
)(
g0W˜
a
µ − g′0B˜µδa3
)
δaˆi T iˆ (38)
Eµ =
(
g0W˜
a
µT
a
L + g
′
0B˜µT
3
R
)
− sin2
(
h0
2f
)(
g0W˜
a
µ − g′0B˜µδa3
)
(T aL − T aR) (39)
Obviously they will translate into the previous notations used in Eq.[2], through the
leading order chiral expansion.
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